Results and Discussion at multiple locations within a 39,000 bp region of chromosome III possessing two strong origins. The freTo study base substitution fidelity, we used the ura3-29 quency of mutations resulting from misincorporation missense mutation, which reverts to Ura ϩ via three difof adenine opposite 8-hydroxyguanine in one strand ferent base substitutions at one C-G base pair (Figure and 6-hydroxylaminopurine opposite cytosine in the 1A). In wild-type yeast, the spontaneous mutation rates other strand differed by 3-to 10-fold, depending on for all three substitutions are similar ( Figure 1A ). Theoretthe gene orientation and its distance from the origins.
, and Experimental Procedures). Most inserts were placed between and at variexpected, treatment of wild-type yeast with HAP was highly mutagenic (Figures 1A and 1C) , and all substituable distances from two active replication origins (ARS305 and ARS306), which are separated by 35,500 tions at the ura3-29 locus were the predicted G-C to A-T transition ( Figure 1A ). This specificity identifies the bp. The insertions were made in both orientations (Figure 1D , OR1 and OR2), thus enabling a determination C-containing strand as the template during mutagenic DNA replication in the presence of HAP. The mutagenic of strand-specific reversion when the C-G base pair in the same local sequence environment is replicated by effects of GO and HAP are complementary, with each yielding a single but different substitution at the G-C the leading-strand or the lagging-strand replication machinery. Using this approach, we observed substantial base pair. Nonetheless, all three possible substitutions can be detected, as illustrated by results in wild-type strand biases for reversion of the C-G base pair that depend on its location relative to ARS305 and ARS306. yeast and in a mutator strain with an active-site amino acid substitution in replicative DNA polymerase ␦ (pol3-For example, when ura3-29 is inserted into the BIK1 gene, it is only 5 kb from ARS306, but it is 30 kb from Y708A, Figure 1A ).
For this study we developed a simple approach for ARS305 (Table 1 and Figure 2A ). At this location, the rate of ogg1-dependent C-G to A-T transversions inferred to inserting the ura3-29 gene at different locations on chro- reflect misincorporation of dATP opposite template GO with the initiation of replication at ARS306 and implies lower replication fidelity during leading-strand replicawas 4-fold higher for orientation two compared with orientation one (Table 1 ). The opposite bias was obtion. When ARS306 was deleted, the reciprocal bias was seen throughout the region ( Figure 2E ). This bias served for HAP-induced reversion. The frequency of C-G to T-A transitions, inferred to reflect misincorporation is consistent with the initiation of replication at ARS305 and again suggests lower replication fidelity during leadof HAP opposite a template C on the other strand, was 7-fold higher for orientation one compared with orientaing-strand replication. That this pattern depends on replication origin activity, not just origin-DNA sequence per tion two (Table 1 ). This bias with HAP at this location was described earlier using a different method for inse, is further suggested by considering the two reporter positions centered between ARS305 and ARS306 (Table  serting the reporter allele (Shcherbakova and Pavlov , 1996) . The reciprocal bias was observed when the ura3-1 and Figure 2A , aut4 and sro9). These reporters are in the left and right edges of the replication fork termination 29 allele was placed closer to ARS305 than to ARS306, for example, at the location designated "IGnear 305" zone, respectively (Zhu et al., 1992). In the center of the termination zone, the reporter gene is replicated by forks (Table 1 , line 4). Here ogg1-dependent transversion occurred at a 10-fold higher rate in orientation one than originating at ARS305 in about 50% of the cell population and by forks initiated at ARS306 in the other 50%. in orientation two, while the HAP-induced reversion frequency was 3.5-fold lower for orientation one compared Therefore, ura3-29 reversion in the termination-zone reporters, aut4 and sro9, should show smaller orientation to orientation two.
Similar differences in ogg1-dependent and HAPbiases than observed at other locations. Consistent with this prediction, only 2-to 3-fold biases were observed induced reversion were observed when the two strand orientations of the reporter allele were examined at a at aut4 and sro9 ( (Greenfeder and Newlon, 1992) and therefore increase location the difference in mutation rates in the two orientations was highly significant (p Ͻ 0.01). These locations the biases at aut4 and sro9, but in opposite directions. Again, the results were consistent with this expectation are about equally represented by integrations into genes that are transcribed from the telomere to the centromere (Figures 2D and 2E and Supplemental Table S1 at http:// www.molecule.org/cgi/content/full/10/1/207/DC1). (designated "watson" in column 3) or transcribed from the centromere to the telomere (designated "crick" in Finally, deletion of both ARS305 and ARS306 should allow the entire region between ARS305 and ARS306 to column 3). Therefore, the pattern of strand biases observed (Table 1 and Figures 2B and 2C ) is independent be replicated by a fork initiated at the next available replication origin, ARS307 (Figure 2A ). The bias in such a of transcription in this region (Table 1) .
Strains with different inserts and orientations of the strain is expected to resemble that produced by deleting ARS305 (compare Figures 2F and 2D) . Again, the results reporter had similar forward mutation rates for canavanine resistance and for reversion to Lys ϩ , His ϩ , and Trp ϩ .
were consistent with the prediction, and the pattern for these strains was similar with the exception of the Therefore, insertion of the reporter cassette does not exert an effect on global mutation rates. In contrast, the position at the AGP1 locus. AGP1 is located to the right of ARS306 and therefore exhibits a different bias in the pattern with ura3-29 depends on the location of ura3-29 with respect to ARS305 and ARS306. Thus, when we ARS305 deletion strain ( Figure 2D ). Remarkably, in the last instance, even the location designated "IGnear 305" consider insertions of the reporter between two ARS elements, all locations closer to ARS306 than to ARS305 still shows a clear orientation-dependent bias for mutagenesis, demonstrating that the influence of the replica-(IGnear 306 through sro9) have lower ogg1-dependent reversion rates ( Figure 2B and Table 1 ) and higher HAPtion origin (ARS307) is maintained over a distance of at least 70,000 bp. As an internal control, note that the induced ura3-29 reversion frequencies in orientation one than in orientation two ( Figure 2C and Table 1 ). On orientation bias was always the same at the APA1 locus (Figures 2A-2F) , which is expected to be replicated in the other hand, all locations closer to ARS305 than to ARS306 (IGnear 305 through aut4) have the opposite only one direction in all these strains. Deletion of ARSs had a similar effect on reversion in the ogg1 background, bias ( Figures 2B and 2C and Table 1 ). Also, insertion of ura3-29 to the left of ARS305 yields lower ogg1-depenwith a strand bias opposite to that observed with HAP (data not shown). dent and higher HAP-induced reversion in orientation one than in orientation two, while insertion to the right Oxidative stress resulting from endogenous cellular metabolism and exposure to the external environment of ARS306 produces the opposite bias ( Figures 2B and  2C and Table 1) .
is a frequent challenge to genome stability. GO is one of the most common lesions generated by oxidative This pattern of strand-specific mutagenesis suggests that some component that determines DNA replication stress. This modified base is mutagenic, and mutations in mammalian genes (such as OGG1) that encode profidelity operates with lower discrimination on the leading strand and that this determinant is maintained over at teins that repair GO are associated with cancer (Boiteux and Radicella, 2000) . Evidence that replication origins least 39,000 bp. If this is correct, inactivation of one or both origins should change the orientation biases in establish a strand-specific pattern of adduct-induced mutagenesis implies that the mutagenic and carcinoa predictable manner. Consistent with this, only one orientation bias was observed for HAP-induced revergenic risk posed by GO, or possibly other adducts that could be tested in the future, might be partly determined sion throughout the entire 39 kb region of chromosome III to the left of ARS306 in a strain carrying a deletion by the location of disease-susceptibility genes relative to origins of replication. Strand biases in replication fiof ARS305 (Figure 2D ). The observed bias is consistent delity imply that the DNA sequences of genes may evolve to ensure optimal spontaneous mutability. Loss or inactivation of origins that are many base pairs distant could then substantially alter mutagenesis of these genes. The mutagenic potential would of course also depend on the inherent local sequence differences in the complementary strands. Strand-specific mutagenic potential applies to other miscoding bases, including HAP, which may also be produced in cells ( nucleotides awaits establishment of conditions that will composition of genomes (Lobry, 1996). Mosaic patterns allow the template strand to be assigned with confiof mutability of contiguous chromosomal regions may dence when mismatches are produced during replicabe critical for the capacity of certain organisms to adapt tion. A previous study in E. coli (Fijalkowska et al., 1998) to challenging environments (Wada et al., 1993; Radinferred the template strand for a particular natural base man, 1998). Switching off nearby origins of replication substitution by assuming that one mismatch was more could change the mutability of blocks of genes. This likely to be generated during replication than another potentially provides a delicate tool to modulate the evo-(e.g., T-dGTP rather than A-dCTP), based on known DNA lutionary process in eukaryotes, where general mutators polymerase error rates. Using that logic, base substituare deleterious. tion fidelity was suggested to be 2-to 4-fold lower during Table 1 
